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Selective pressuresAll eukaryotes have three different RNA polymerases (RNAPs) which transcribe different types of genes. RNA
polymerase I transcribes rRNA genes, RNA polymerase II transcribes mRNA, miRNA, snRNA, and snoRNA
genes, and RNA polymerase III transcribes tRNA and 5S rRNA genes. Here, we use an in silico approach to
identify putative functional differences between these three RNAPs. Our results show that cleft loops are the
most conserved regions of RNAPs, but that these regions have several signiﬁcant length differences between
the three RNAPs. There were also signiﬁcant shifts in the rates of evolution of some amino acid sites in all
three enzymes prior to the diversiﬁcation of eukaryotes and these amino acids are preferentially located near
the catalytic center of the three enzymes. These results suggest that functional differences exist between the
three RNAPs and that these differences are all clustered near the active sites.
© 2009 Elsevier Inc. All rights reserved.Introduction
The cellular DNA-dependent RNA polymerases (RNAPs) generate
RNA transcripts from genes encoded in the genome. RNAPs are
composed of between 5 and 17 subunits, at least 4 of which are
paralogs across all three domains of life [1,2]. A deﬁning characteristic
of all eukaryotes is the presence of at least three nuclear RNAPs in
their genomes, which were created by a series of gene duplication
events sometime before the diversiﬁcation of eukaryotes. Each of
these RNAPs transcribes a particular subset of nuclear genes. RNA
polymerase I (RNAPI) transcribes rRNA genes, RNA polymerase II
(RNAPII) transcribes mRNA, miRNA, snRNA, and snoRNA genes, and
RNA polymerase III (RNAPIII) transcribes tRNA and 5S rRNA genes.
This is in contrast with prokaryotes where a single RNA polymerase is
responsible for the transcription of all genes.
In over 1.5 billion years of evolution since their divergence from
each other, the three transcription machineries discussed here have
adapted themselves to efﬁciently transcribe their respective target
genes [3–11]. These adaptations have occurred by both modiﬁcation
of existing subunits and general transcription factors (GTFs) as well as
the recruitment of novel ones. These subunits recognize and form a
complex with their appropriate RNAP by binding either to the largest
(RNAPI-1, RNAPII-1 and RNAPIII-1) or second largest (RNAPI-2,
RNAPII-2 and RNAPIII-2) subunit of each RNAP, which each exist as
paralogs across the three RNAPs. One of the roles of these paralogous
subunits is thus to act as polymerase-speciﬁc interaction hubs for the
remaining subunits, allowing each subunit to interact with its correct
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speciﬁc subunits bind to give each of the RNAPs their speciﬁc
functionality, the two largest subunits also shape the active site cleft
of the enzymes where the transcription reaction occurs. The RNAPII
enzyme contains 11 cleft loops in the two largest subunits of the
RNAPs that are critically involved in polymerase functionality [12–22].
These cleft loops, 7 of which are in the largest subunit and 4 in the
second largest subunit, are loops between 8 and 35 residues in length
in Saccharomyces cerevisiae (Table 1). Although they are spread
throughout the primary sequence of the two largest subunits of the
RNAPs, they are all oriented towards the active site (i.e., the main
enzyme channel) in the actual protein complex (Fig. 1). These regions
are typically highly mobile due to a lack of structural contacts with
non-neighboring sites in the nucleic-acid free RNAPs, but become
ordered in the actively transcribing DNA-bound enzyme, the ternary
elongation complex (TEC). Their lack of structural contacts in the
nucleic acid-free enzyme makes them susceptible to thermal motion,
so they are likely to ﬂuctuate between conformations until ordered by
their interactions in the TEC.
It is well known that the RNAPs have essentially the same two-ion
catalytic transcription mechanism and that subunits speciﬁc to each
provide polymerase-speciﬁc functions, but it remains unknown
whether residues of the two largest subunits themselves contribute
to polymerase-speciﬁc functionality of the three RNAPs. Here we
address this issue by using two different in silico approaches to
identify potential regions in the two largest subunits of RNAPI, II, and
III that might contribute to polymerase-speciﬁc functions. Our
analysis includes sequences from 17 eukaryotic organisms from
diverse phyla including fungi, plants, metazoans, alveolates, and
amoebozoans (listed in Methods below). We compare the relative
substitution rates and length variations between cleft loops of the
three RNAPs, as these are known to be critically involved in
Table 1
Cleft loop functions and amino acid locations in the two largest subunits of RNA polymerase II.
Subunit Cleft Loop Location
(amino acids)
Function Reference
Largest Zipper 39–51 Unknown function, but proposed to be involved in maintenance of upstream end
of transcription bubble
[12]
Lid 248–260 Binds and stabilizes upstream portion of DNA-RNA hybrid; participates in
formation of RNA exit groove via interaction with the ﬂap loop
[12,13,16]
Rudder 304–324 Binds and stabilizes upstream portion of DNA-RNA hybrid; required for transition
from closed to open preinitiation complex in archaea
[12,13,16,21]
Switch 2 328–346 Couples presence of nucleic acid in PIC to clamp closure by interactions with
bridge helix and DNA template strand
[12,13]
Bridge 811–845 Alpha helix that traverses the active site just downstream of catalytic Mg ions;
interacts with switch regions in TEC and is integral to the transcription reaction
[12–14,17–21]
Trigger loop 1084–1091 Integral to transcription reaction in all proposed
models of the transcription reaction
[18–21]
Switch 1 1384–1406 Couples presence of nucleic acid in PIC to clamp closure by interactions with
bridge helix and DNA template strand
[12,13]
Second largest Fork loop 1 466–478 Binds and stabilizes upstream portion of DNA-RNA hybrid [12,13,16,21]
Fork loop 2 500–512 Facilitates separation of template and non-template strand just downstream from
the bridge helix and catalytic Mg ions
[13,15,22]
Flap loop 920–933 Participates in formation of RNA exit groove via interaction with the lid [12]
Switch 3 1108–1129 Undergoes disordered-to-ordered transition in TEC; Ordered region likely
stabilizes the RNA–DNA hybrid by interacting with its 3′ end
[12,13]
The locations are with respect to the largest subunit (GenBank number CAA65619) and second largest subunit (GenBank number CAA99357) of the RNA polymerase II protein
sequence from S. cerevisiae.
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two largest subunits that underwent ancestral shifts in amino acid
substitution rates following their birth by duplications, telltale signs ofFig. 1. Sequence features of the two largest subunits of the eukaryotic RNAPs. The top and bo
respectively. Alphabetically labeled black boxes represent previously identiﬁed homology re
regions and represent homologous regions present in the three eukaryotic RNAPs (see text f
the cleft loops relative to these homology regions are indicated below and above the primary
representative RNAP structure of a ternary elongation complex (pdb code 1R9T). In this stru
RNA is drawn in dark green, dark blue regions are the largest subunit, red regions are the seco
(black or white) are the eight cleft loops visible in this view and correspond to the numbe
denote regions that are either not present in the structure or are not visible due to the viewfunctional differences between paralogs [23,24]. We identify several
cleft loops with signiﬁcantly different lengths between at least two of
the three RNAPs. We also ﬁnd that many sites near the active site inttom ﬁgures represent the primary sequences of the largest and second largest subunits,
gions that are present in both eukaryotic and bacterial RNAPs. Grey boxes extend these
or inclusion criteria). Colored regions represent poorly aligned regions. The locations of
structures of the largest and second largest subunits, respectively. The middle ﬁgure is a
cture, cleft loops are drawn in yellow, the template DNA strand is drawn in light blue,
nd largest subunit and gray regions are the other subunits. The numbers in parentheses
rs shown in the primary sequence representations. Cleft loops that are not numbered
ing angle.
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substitution rates following their formation by duplication events but
preceding the diversiﬁcation of eukaryotes. Together, these results
suggest that the two largest subunits of each of the RNAPs have
evolved speciﬁc functions above-and-beyond those conferred by their
polymerase-speciﬁc subunits and transcription factors.Results
Length variation in the cleft loops of the RNAPs
We examined our alignments for the presence of the cleft loops in
the largest and second largest subunits of the each of the three RNAPs
(Fig. 1) and then determined whether the cleft loops of the different
RNAPs had polymerase-speciﬁc length deviations using non-para-
metric Kruskal–Wallis tests [25]. Kruskal–Wallis statistical tests were
used because the lengths were discrete and non-normally distributed.
Of all the differences between cleft loops, the most evident is the
variation in the ﬂap loop lengths between the three polymerases
(Table 2).Whereasmost RNAPII-2 and RNAPIII-2 subunits contain ﬂap
loops that are at least 12 residues in length, it is non-existent in most
RNAPI-2 subunits. The RNAPI of the three earliest diverging protists
contain an 8 residue ﬂap loop, but this loop is absent from other phyla.
All other species examined here, with the exception of one insertion
in Neurosporra crassa, are entirely lacking this cleft loop in RNAPI.
Thus, non-protist RNAPI lacks the ﬂap loop, whereas it has been
maintained in RNAPII and RNAPIII of all species, although often
truncated in the latter. Low-resolution cryo-electron micrographs of
free RNAPI indicate that the domain where the ﬂap loop should be
located is highly ﬂexible in this RNAP and can swivel between open
and closed states, in contrast to that of RNAPII [26]. Thus, the domain
that contains the ﬂap loops in RNAPII and RNAPIII but not in RNAPI
also displays unique behavior in RNAPI relative to the other RNAPs.
Switches 2 and 3 have remained a constant length in all three
RNAPs (Table 2). Only switch 1, the longest of the switch regions,
showed a signiﬁcant length deviation. Although it has remained 23
residues in length in RNAPII and RNAPIII of nearly all species
examined, it is one residue shorter in almost all RNAPI sequences.
Aside from these switch regions, only the bridge and trigger loop
showed no signiﬁcant length variations (Table 2). Like the switch
regions, the bridge and trigger loop are grouped together in the actual
protein complex. The bridge helix can be seen traversing the main
enzyme channel underneath the nucleic acid in Fig. 1; the trigger loop
lies just underneath towards the front of the enzyme (bottom of
structure in Fig. 1) but tends to resist crystallization efforts and is thus
not visible.Table 2
Length variations between paralogous cleft loops of eukaryotic RNAPs.
Cleft Loop Length variation
RNAPI RNAPII
Zipper 11 (1), 12 (14), 15 (1), 21 (1) 11 (11), 12 (2), 13 (4)
Lid 7 (1), 13 (1), 12 (14), 16 (1) 12 (3), 13 (12), 14 (1)
Rudder 9 (1), 11 (1), 13 (1), 14 (1),
15 (3), 16 (2), 18 (5), 19 (3)
20 (1), 21 (16)
Switch 2 19 (17) 19 (17)
Bridge 35 (17) 35 (17)
Trigger Loop 6 (1), 8 (16) 8 (17)
Switch 1 22 (15), 23 (2) 23 (16), 24 (1)
Fork Loop 1 13 (2), 14 (14), 16 (1) 10 (1), 12 (4), 13 (12)
Fork Loop 2 13 (1), 14 (16) 13 (17)
Flap Loop 0 (13), 8 (3), 11 (1) 4 (1), 12 (1), 13 (1), 1
15 (1), 159 (1)
Switch 3 27 (1), 22 (16) 22 (17)
This table lists the number of times (in parentheses) a cleft loop of a given length of amino aci
of the Kruskal–Wallis test of differences in the length distributions of the functional regionAll other cleft loops examined here showed signiﬁcant length
variation between the three eukaryotic RNAPs (Table 2). These
include the rudder, zipper, and lid of the largest subunit and the two
fork loops of the second largest subunit. Thus, signiﬁcant length
variations are found between homologous cleft loops involved in
interactions with the DNA:RNA hybrid. Additionally, length variations
are also found in the zipper and fork loop 2, which are likely
responsible for maintenance of the transcription bubble [12,13,16].
Stronger purifying selection is acting on the cleft loops compared to the
remaining residues of the two largest subunits of the RNAPs
We examined the selective pressure exerted on codons of the cleft
loops to determine their relative importance to the RNAPs compared
to the remaining codons of the two largest subunits. Due to their
functional involvement in the transcription process, we expected
these to evolve slower than the average residues in the RNAPs. A
series of nested models were ﬁtted to each subunit to determine if the
evolutionary process is signiﬁcantly different between these cleft
loops and the remainder of these proteins [27]. Model B ﬁt the data
signiﬁcantly better than the null model for both subunits 1 and 2
(pb0.001, Table 3). Model B differs from the null model by allowing
the evolutionary rates to differ between the two partitions while
maintaining a constant nonsynonymous/synonymous (ω) ratio
across the two partitions. Codon substitution rates were lower in
the cleft loops in both subunits, when compared to the remaining
codons. We next tested model D versus the null model B, thereby
allowing the evolutionary rates and ω to differ between the two
partitions. This alternate model ﬁt the data signiﬁcantly better than
model B for both subunits (pb0.01, Table 3). According to model D,
the cleft loops of both subunits evolved with lower rates and lower ω
ratios than the remaining codons. Thus, substitution rates andω ratios
are lower in the cleft loops, indicating that these regions are relatively
slow to evolve and are resistant to non-synonymous changes. This is
despite their lack of deﬁned structural constraints.
Relative rates of evolution of amino acids in the cleft loops of the
three RNAPs
Since the cleft loops experience strong purifying selection, we
examined these regions in the two largest subunits of the RNAPs to
see if they were uniformly resistant to evolutionary change in each
individual RNAP. Different levels of constraint exerted on homologous
regions might result from different functionality at these regions,
especially since these regions are largely devoid of any structural
constraints. According to this hypothesis, we would expect to ﬁnd
signiﬁcantly different selective pressures in homologous cleft loops ifp-value
RNAPIII
7 (1), 12 (2), 13 (6), 14 (6), 15 (1), 16 (1) 1×10−4
, 16 (1) 12 (3), 13 (5), 14 (9) 7×10−5
17 (2), 18 (1), 19 (3), 20 (7), 23 (2),
24 (1), 26 (1)
8×10−8
19 (17) 1
35 (17) 1
8 (17) 0.4
23 (17) 2×10−9
12 (17) 2×10−9
13 (17) 1×10−10
4 (12), 2 (1), 3 (1), 5 (1), 10 (1), 12 (2), 13 (1),
14(2), 15 (6), 17 (1), 23 (1)
2×10−7
22 (17) 0.4
ds was observed among the 17 species analyzed. The p-values represent the signiﬁcance
s of the three RNAPs.
Table 3
Parameter estimates and model results for ﬁxed-site models.
Model Parameter/ SU1 SU2
model result
OCLEFT
LOOPa
CLEFT
LOOPb
OCLEFT
LOOPa
CLEFT
LOOPb
A (null) Omega 0.01533 0.02139
B Ratesc 1 0.5867 1 0.7057
Omegad 0.01483 0.02135
p-valuee pb0.001 pb0.001
D Rates 1 0.76596 1 0.95016
Omega 0.0159 0.01127 0.02167 0.01582
p-value pb0.001 pb0.01
a OCLEFT LOOP, partition consisting of amino acids found outside cleft loops.
b CLEFT LOOP, partition consisting of amino acids found in cleft loops
c Rates, relative rates of the two partitions.
d Omega, nonsynonymous/synonymous ratio.
e p-values refer to the statistical signiﬁcance of a given model relative to the model
above it.
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RNAPs. Tomeasure these rates, we compared themean relative rate of
residues from each cleft loop relative to the average amino acid
substitution rate of the whole protein.
The ﬂap loops of RNAPII and RNAPIII evolve very rapidly compared
to the average substitution rate of amino acids in these proteins
(Fig. 2). Indeed, based on the normalized distribution of relative rates,
these residues evolve between 1 and 1.5 standard deviations above
the average amino acid residue in each paralog. No relative rates could
be determined for the ﬂap loop of RNAPI, as this region does not exist
in non-protist RNAPs (see above).
The slowest evolving cleft loops are the bridge helix, the trigger loop,
and switch 2 of all three RNAPs, as well as the fork loop 2 of RNAPIII (Fig.
2). All of these regions are integral to the actual transcription me-
chanism, which consists of ribonucleotide addition, polymerase trans-
location, and pyrophosphate release. The average relative rates of the
remaining cleft loops are all within one standard deviation of the average
substitution rate of the protein in which they are encoded (Fig. 2).
Phylogenetic identiﬁcation of amino acid residues involved in functional
divergence and their locations in the RNAPs
We constructed maximum likelihood phylogenies of the two
largest subunits of 17 diverse eukaryotic RNAPs (Supplementary Fig.
3). Using these phylogenies, we examined the coding sequences of the
two large paralogous subunits for sites that have undergone shifts in
substitution rates along speciﬁc lineages of the phylogeny. We ﬁrst
used themethod of Knudsen et al. [28] to identify both type 1 and typeFig. 2.Mean normalized relative substitution rate of cleft loops indicating, for each region an
protein.2 sites in amino acid sequences. Type 1 sites are sites which are
variable in one polymerase but ﬁxed in the other two (or vice versa).
Type 2 sites are sites which are ﬁxed for one amino acid in one
polymerase and ﬁxed for a different amino acid in the other two
polymerases (or vice versa). Type 1 sites therefore represent higher
substitution rates in extant sequences whereas type 2 site represent
higher substitution rates in ancestral sequences (see Methods below
for further discussion of type 1 and 2 sites). The predicted residues can
be found in Supplementary Table 2. The number of signiﬁcant
(α=0.05) type 1 sites per RNAP (RNAPI, 77; RNAPII, 74; RNAPIII,
90) was greater than the number of signiﬁcant (α=0.05) type 2 sites
per RNAP (RNAPI, 28; RNAPII, 28; RNAPIII, 15). We mapped these
residues onto the structure of an actively polymerizing S. cerevisiae
RNAPII TEC (ref. 16; PDB code 1R9T) because (a) it contains many of
the cleft loops that were absent from earlier structures and (b) it is of a
TEC and thus themajority of the residues are near the locations where
they act during the transcription process (Fig. 3).
To quantify the spatial distribution of type 1 and type 2 sites in the
two large paralogous subunits of each of the three RNA polymerases,
we used computer simulations to generate an inter-residue distance
measure for randomly placed rate-shift sites in the protein (see
Methods). We tested the null hypothesis that these rate-shift sites
occur randomly throughout the structure by comparing the empirical
spatial distribution of rate-shift sites against the null distribution to
assess whether these residues were signiﬁcantly clustered compared
to randomly placed residues. Signiﬁcance was assessed according to
the null distribution using two-sided tests with α=0.05.
In all three RNAPs, the null hypothesis of randomly distributed
type 1 sites could not be rejected (Table 4). Type 1 sites are therefore
nonclustered throughout the structure (Fig. 3). In contrast, the null
hypothesis of randomly distributed type 2 sites was rejected for all
three RNAPs (Table 4). Type 2 sites are therefore clustered and, as
shown in Fig. 3, preferentially located at the center of the enzyme
where the nucleic acid and polymerase interact and where the
transcription reaction itself takes place.
We also examined whether the type 1 and type 2 sites are
overrepresented in the cleft loops. Using chi-square tests, we tested
the null hypothesis that a residue in a cleft loop has the same
probability of being a rate-shift site as any other residue in the protein.
Although 10% of type 1 compared to 15% of type 2 sites were found in
the cleft loops, whichmake up roughly 10% of the protein residues, we
were unable to reject the null hypothesis for either type 1 (χ2=0.25,
p=0.62) or type 2 (χ2=0.45, p=0.50) sites.
In addition to the method of Knudsen et al. [28], we used the
branch-site codon model of Zhang et al. [29] to identify amino acids
that were most likely involved in functional divergence of the threed paralog, the average residue's deviation from the mean substitution rate of the whole
Fig. 3. Distribution of type 1 and type 2 sites in the eukaryotic RNAPs determined using the method of Knudsen et al. [28]. This structure (pdb code 1R9T) is fromWestover et al. [16].
Top, distribution of type 1 sites; bottom, distribution of type 2 sites. RNAPs are shown the following order: RNAPI (left), RNAPII (middle), and RNAPIII (right). The view is from the
front of the enzyme along the DNA axis, through the main enzyme channel and into the active site. The template strand can be seen exiting along the back of the enzyme at a roughly
a 90% angle with the incoming double-stranded DNA. Dark gray regions are the largest subunit, light gray regions are the second largest subunit, blue regions are DNA and rate-shift
sites are indicated in red.
392 R. Carter, G. Drouin / Genomics 94 (2009) 388–396paralogs. We applied both branch-site test 1 and test 2, which test for
relaxed constraint and positive selection along ancestral branches of
the RNAPs, respectively [29]. Only test 1 produced signiﬁcant results
(likelihood ratio test, pb0.0001 for both subunits) with 27 codons
common to the three RNAPs having a posterior probability greater
than 50%. Among these 27 sites, only site 472 of the largest subunit
had a greater than 95% posterior probability. Test 2 gave likelihood
ratio test p-values of 0.999998 for both subunits. This model therefore
only identiﬁed 27 codons that evolved by relaxed purifying selection
along the 3 basal branches and did not identify any positively selected
codons. Note that, since these 27 codons had increased substitution
rates in the three basal branches, they encode residues that are
equivalent to the type 2 sites of the Knudsen et al. [28] method.
We mapped all 27 codons identiﬁed by test 1 onto the structure of
a TEC and quantiﬁed the distribution of these sites in the same fashion
(Fig. 4). Although all but one of these sites had only between 50% and
95% posterior probability of having evolved under relaxed purifying
selection in the 3 basal branches, we nevertheless mapped them on a
3D structure because the likelihood ratio test used to test for
signiﬁcance of the branch-site codon model demonstrated that suchTable 4
Probabilities that the type 1 and type 2 sites identiﬁed by the Knudsen et al. [45]
method are randomly distributed.
Type 1 sites Type 2 sites
RNAPI versus RNAPII and RNAPIII 0.209 b0.001
RNAPII versus RNAPI and RNAPIII 0.151 0.047
RNAPIII versus RNAPI and RNAPII 0.227 b0.001sites do in fact exist. As can be seen in Fig. 4, these sites are clustered
around the active site of the RNAPs. Furthermore, like the results of
the Knudsen et al. [28] method, the null hypothesis of randomly
distributed sites was rejected for these codons (p=0.006). Finally, as
with the sites identiﬁed by the Knudsen et al. [28] method, the sites
identiﬁed by test 1 of the Zhang et al. [29] method are not over-
represented in the cleft loops (p=0.42).Fig. 4. Distribution of sites that have evolved via relaxed selection along the ancestral
branch in all three polymerases according to the branch-site method of Zhang et al. [29].
The view and color coding are identical to those of Fig. 3.
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et al. [28] and Zhang et al. [29] methods (Supplementary Table 2). Site
472 in the largest subunit was predicted by both methods. Site 527 in
the largest subunit and site 835 in the second largest subunit of
RNAPII and RNAPIII were also predicted by both methods, as was site
781 in RNAPI and RNAPII. Sites 341, 777, and 1400 of the largest
subunit and site 226 of the second largest subunit were all predicted
in the codon model and in only one RNAP using the method of
Knudsen et al. [28].
The limited overlap between the Zhang et al. [29] and the Knudsen
et al. [28] methods, given that they each identiﬁed some 30 ancestral
sites involved in the differentiation of the three RNAPs, is likely the
result of how these methods were used to identiﬁed these sites. We
used the Zhang et al. [29] method to identify codons that have evolved
by relaxed purifying selection (or positive selection) in all three
lineages. Thus, for a site to be identiﬁed by this method, the same
codon must have evolved by relaxed purifying selection (or positive
selection) independently along the basal branch of all three RNAPs. In
contrast, the amino acid-based method of Knudsen et al. [28]
identiﬁes sites that had increased ancestral substitution rates in
only one RNAP (i.e., relative to the other two RNAPs). Furthermore,
the Zhang et al. [29] method lacks power. Identifyingwhich sites have
undergone relaxed purifying selection is a much more difﬁcult
problem than determining whether relaxed purifying selection has
been a factor during the evolution of homologs [29]. Since the
alternate hypothesis of the branch-site codon model for relaxed
purifying selection ﬁt our dataset better than the null hypothesis
(pb0.0001), only the identity of these sites is in question, not whether
or not they exist.Discussion
Our results show that each of the three eukaryotic RNAPs
examined in this study contain cleft loop length differences and
amino acids near their active sites that have experienced ancestral
shifts in substitution rates. This suggests that the paralogous largest
and second largest subunits of the eukaryotic RNAPs do more than
just act as interfaces that allow recruitment of polymerase-speciﬁc
subunits. It suggests that the active sites of these enzymes have
additionally been modiﬁed in ways that likely have subtle effects on
transcription, although this awaits experimental veriﬁcation.
We compared the cleft loops of the three RNAPs and found
differences in both the lengths and evolutionary rates of many of
these regions (Table 2 and Fig. 2). Since these regions are free to
sample conformational space via thermal motion, we reasoned that
length differences between these regions would alter the possible
conformational space that they could visit, while simultaneously
increasing or reducing their reach within the nucleic acid-binding and
catalytic central channel of the RNAPs. Differences in function could
easily arise by extending or reducing the reach of these regions to
allow them to acquire conformations needed for particular
interactions.
The cleft loops responsible for the transcription mechanism itself
are highly conserved in length and are the slowest evolving of the cleft
loops, which attests to the conserved transcriptional mechanism of
the three RNAPs examined here (Table 2 and Fig. 2). The bridge helix
and trigger loop are invariable in length and evolve slowly compared
to the other cleft loops. Transcriptional properties such as ﬁdelity,
transcriptional rate are easily altered by amino acid changes
introduced into these regions [20] so it not unexpected that these
regions are resistant to change. With the exception of a one residue
shorter switch 1 in RNAP1 compared to the other two RNAPs, all
switch regions evolve slowly and show no signiﬁcant length variation
between RNAPs (Table 2). The switch regions interact with both
downstream DNA and the RNA–DNA hybrid and are believed tocouple clamp closure to the presence of the hybrid [13]. Thus, this
aspect is likely conserved in the three RNAPs as well.
The cleft loops toward the rear of the enzyme near the upstream
end of the RNA–DNA hybrid show the greatest variability in lengths
both between and within a particular RNAP. The clamp-associated
zipper, lid, and rudder cleft loops evolve at rates that are similar to the
average residue of the encoding RNAPs (Table 2 and Fig. 2). The high
variability in length and the relatively fast evolutionary rate of these
regions suggests that these cleft loops are likely to behave differently
in the three RNAPs. The S. cerevisiae lid is believed to act as a wedge
that separates the RNA–DNA hybrid at its upstream terminus [16].
However, the relatively high substitution rate of this region (Fig. 2),
and the variability in lengths (Table 2) suggest that a unique sequence
is not necessary, although a loop of some sort is required to act as a
wedge to separate the heteroduplex nucleic acid. The length
variations in fork loop 1 and the rudder, which promote stability of
the RNA–DNA hybrid together with the lid, indicate that the RNAPs
might differ in their ability to maintain a stable RNA–DNA hybrid.
The relatively high substitution rates of ﬂap loop in RNAPII and
RNAPIII is puzzling, especially since the ﬂap loop is entirely missing in
non-protist RNAPI (Fig. 2; Table 2). This suggests that the ﬂap loop is
of little importance in any of the RNAPs. However, this loop has been
retained in the bacterial RNAP [12,30], which suggests otherwise. That
the ﬂap loop has been maintained in all bacterial and eukaryotic
RNAPs, except for in non-protist RNAPI, suggests that the role that this
region plays in the transcription reaction is either not required in
RNAPI, or has been co-opted by another protein or region of this
polymerase. A cryo-EM structure of RNAPI shows additional density at
the dock domain of RNAPI relative to RNAPII [26]. The RNAPII general
transcription factor TFIIB interacts with the dock domain and traverse
the region above where the ﬂap loop is located in RNAPII [31,32].
RNAPIII has a homologous transcription factor, TFIIIB, whereas RNAPI
does not. Since TFIIB traverses the region where the ﬂap loop is
located in RNAPII and a homolog is present in for RNAPIII, the lack of
the ﬂap loop in RNAPI might be due to differences in the way that
RNAPI interacts with its GTFs.
The analyses of the amino acids experiencing ancestral shifts in
substitution rates in the three eukaryotic RNAPs not only support the
existence of such amino acids but also show that they are clustered
near the active sites in all three RNAPs. The results from the analyses
performed using the Knudsen et al. [28] and Zhang et al. [29] methods
both support the existence of some 32 ancestral sites involved in the
three RNAPs (Supplementary Table 2). Although the type 2 sites
predicted by these two methods are not perfectly congruent, they are
both signiﬁcantly clustered near the active sites of the enzymes (Figs.
3 and 4; Table 4) whereas the type 1 sites predicted by the Knudsen et
al. method [28] are nonclustered (Fig. 3). The biological relevance of
the clustering of type 2 sites as opposed to type 1 sites is consistent
with published results of well-characterized protein families, where it
has been demonstrated that type 2 sites are better indicators of
functional divergence than type 1 sites [33,34]. Thus, following the
duplication events that formed these new RNAPs, selection pressure
near the active site of these enzymes was temporarily relaxed,
allowing exploration of novel functionality. The exploration and
subsequent ﬁxation of new residues preceding the diversiﬁcation of
the eukaryotes in each of these polymerases at these sites suggests
that these duplicates had acquired useful differences, as renewed
selective pressure on these novel polymerase subunits prevented
subsequent sequence change of these residues. In the case of type 1
sites, their random distribution indicates, as suggested by previous
studies [33], that such sites are not likely to be functionally important.
Although the biological signiﬁcance of the type 2 sites and their
location towards the active sites of the three RNAPs is uncertain, many
of these changes might be due to interactions with other proteins. By
deﬁnition, the amino acid changes of the type 2 sites occurred in the
newly duplicated RNAPs of the earliest eukaryotes, coinciding in time
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Thus, it is possible that these sites in each polymerase interact with
some of these polymerase-speciﬁc GTFs and accessory proteins, and
thus coevolved. Consistent with this possibility, many polymerase-
associated proteins are known or thought to interact with the active
site of the RNAPs. Structural studies clearly show that TFIIB [31,32]
and TFIIS [35] have ﬁnger-like projections that probe deep within the
active site of RNAPII. Additionally, the mediator complex has recently
been shown to contain many functionally important disordered
regions, some of whichmight probe the active site of RNAPII [36]. This
possibility is supported by the extensive contacts observed via cryo-
EM between the yeast mediator complex and RNAPII [37]. Finally, the
TFIIF α–β interface has a ﬂexible arm domain that potentially
interacts with the active site [38]. The location of this interface near
the active site of RNAPII is supported by the demonstration that the
TFIIF α subunit, which encodes the arm domain as part of the binding
interface, crosslinks to the TFIIB linker and B ﬁnger in the active site of
RNAPII [32]. Furthermore, mutagenesis screens have identiﬁed TFIIFα
mutations at this binding interface that suppress TFIIB mutants
known to interfere with normal RNAPII start site selection [39,40].
In conclusion, our sequence-based analyses of the differentiation
of eukaryotic RNAPs demonstrate (1) that cleft loops are the most
conserved regions of RNAPs, (2) that the cleft loops of the different
RNAPs have several signiﬁcant length differences which may endow
each with speciﬁc functionality, (3) that there have been signiﬁcant
shifts in the rates of evolution of some 32 amino acids in all three
enzymes prior to the diversiﬁcation of eukaryotes, but concurrent
with the recruitment of GTFs and accessory proteins, and (4) that
these amino acids are clustered towards the center of the enzyme
where the nucleic acid interacts with the polymerase, the transcrip-
tion reaction occurs, and where many accessory factors and GTFs
interact with the RNAPs to modulate aspects of the transcription
process. Together, these results suggest that the two largest subunits
of the three RNAPs contribute to polymerase-speciﬁc functionality
beyond merely acting as polymerase-speciﬁc binding platforms for
accessory factors and GTFs. They also provide avenues for future
experimental research into the divergence of the three RNAPs.
Methods
Sequences and alignments
The protein sequences of RNAPs are highly conserved. For
example, the only differences between the mouse and human RNA
polymerase II largest subunit protein sequences, which diverged from
one another some 80 MYA, consists in a single amino acid difference
and a four amino acid insertion over their 1970 amino acid long
alignment (results not shown). For our data set, we therefore mainly
used sequences from more distantly related species in order for our
data set to contain enough sequence variability. On the other hand, we
did not include the highly divergent sequences from Trichomonas and
Giardia because their high degree of sequence divergence made it
difﬁcult to align them with the other eukaryotic sequences.
Protein sequences were obtained for the largest and second largest
subunits of RNAPI, RNAPII, and RNAPIII of 17 eukaryotes using BLAST
searches of the NCBI NR database with default settings. The S.
cerevisiae protein sequences of the largest (CAA65619) and second
largest (CAA99357) subunits were used as queries. Coding DNA
sequences were obtained from the GenBank ﬁles of each protein
sequence. The species used were as follows: Arabidopsis thaliana,
Homo sapiens, Mus musculus, Drosophila melanogaster; Caenorhabditis
elegans, Dictyostelium discoideum, S. cerevisiae, Schizosaccharomyces
pombe, N. crassa, Entamoeba histolytica, Trypanosoma brucei, Theileria
parva, Plasmodium falciparum, Cryptococcus neoformans, Encephalito-
zoon cuniculi, Tribolium castaneum and Kluyveromyces lactis. The
accession numbers of all eukaryotic sequences used are listed inSupplementary Table 1. We used the manual alignments of the two
largest subunits constructed by Cramer et al. [12] as proﬁles to which
we aligned all paralogs of each subunit (Supplementary Fig. 1) using
the proﬁle mode of T-Coffee, with all other parameters set at their
default values [41]. DNA coding sequences were aligned to the amino
acid alignments using a PERL script.
Throughout the manuscript and in the supplemental information,
amino acid sites are numbered relative to the sequence of the
homologous (aligned) yeast RNAPII-1 (Rpb2p) and RNAPII-2
(Rpo21p) subunits (accession numbers CAA65619 and CAA99357,
respectively). For example, amino acid site 472 of RNAPI-1 corre-
sponds to amino acid 472 of the yeast RNAPII-1 sequence and not to
amino acid 472 of RNAPI-1. This numbering system was used in order
to be able to determine the position of any given site in the 3D
structure of the enzymes. Since high-resolution RNAP structural data
exists only for yeast RNAPII, all sites were numbered according to its
amino acid sequences.
Detecting homologous regions
We deﬁned homologous regions as stretches of at least 5
consecutive reliably aligned amino acid residues from the full
Cramer-based alignments with no more than one gap at any position
in each of the RNAP paralogs. Homologous regions separated by only
one unreliably aligned column were connected into a contiguous
homology region. We used these alignments of homologous regions
(Supplementary Fig. 2), which we call homologous alignments, for all
analyses except the comparisons of length deviations of the cleft loops
(see below). These homologous alignments were used instead of the
full Cramer-based alignments (Supplementary Fig. 1) because of the
poor alignment quality between many regions in the full alignments
(caused by the large divergence time between the three RNAPs).
Phylogenetic inference
We constructed maximum likelihood phylogenies of the two
largest subunits of the RNAPs. These were required for the subsequent
identiﬁcation of functionally important residues in these proteins,
which are characterized using the phylogenetic relationships between
taxa. Phylogenies were constructed using the protein sequences of the
homologous alignments, as described above, and PhyML [42]. We
used eight discrete rate categories in our analyses, with the shape
parameter α and the proportion of invariable sites estimated from the
data. The substitution model used was that of JTT [43].
Comparison of cleft loops
Since, as discussed above, cleft loops are likely the most
functionally important regions of RNAPs, we examined the relative
evolutionary rates of residues and the variation in lengths in the cleft
loops between the three RNAPs to quantify the functional constraints
operating on these regions. None of these regions are buried in the
protein structure and only the bridge helix has continuous secondary
structure throughout its length. The cleft loops are mostly free from
the structural constraints that affect the evolution of other amino
acids in the protein. Thus, resistance to evolutionary change in these
regions is due almost entirely due to functional constraints [44].
We used two different methods to measure the functional
constraint acting on the cleft loops: one DNA based and one amino
acid based. For the DNA based method, we used a ﬁxed-site codon
model [27] to determine if these cleft loops experience stronger
purifying selection than the remainder of the proteins. The ﬁxed-site
model estimates different parameter values for each partition in a
data set. Since these partitions must be deﬁned a priori, these models
are useful to test hypotheses about different evolutionary constraints
acting on different portions of a gene [27]. The codon alignments of
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partitions, one containing codons coding for residues of the cleft loops
and the other containing all remaining codons of the alignment. We
used likelihood ratio tests to compare the nested models A, B, and D
[27] to determine if the cleft loops were under stronger functional
constraints than the remainder of the protein asmeasured by the non-
synonymous substitution/synonymous substitution rate ratio (ω).
Model A treats the two partitions as one, assigning them equal rates,
transversion/transition rate ratios (κ), codon frequencies (π), and ω
values; model B allows different rates in each partition but is
otherwise identical to model A; model D extends model B by allowing
different κ and ω values in each partition. Since different ω in each
partition are included only in model D, model D must ﬁt the data
signiﬁcantly better than models A or B before it can be concluded that
the two partitions have evolved under different selective pressures.
The rate4site program [45] was used to identify the relative amino
acid substitution rates between residues of each cleft loop of the three
RNAPs. We compared the mean relative rate of residues from each
cleft loop relative to the average amino acid substitution rate of the
whole protein. Since this method calibrates the rate of a site against
the average rate of the whole protein, it is not affected by differences
in overall protein substitution rates when comparing homologous
proteins that evolve at different rates.
We split our full Cramer-based amino acid alignments of each of
the two largest subunits into the three component RNAP alignments,
generating 6 alignments in total: two RNAPI, RNAPII, and RNAPIII
alignments, one for each of the two largest subunits.We estimated the
relative substitution rates of the cleft loops of each RNAP's subunit via
the empirical Bayesian method of rate4site [45], using default
program parameters, our maximum likelihood phylogenies and the
full Cramer-based amino acid alignments as input. To measure the
importance of each functional region, we calculated the mean relative
rate of its component residues. This gives an indication of the relative
importance of a region when compared to the rest of the protein,
assuming that the average substitution rate decreases with the
increasing importance of the protein region.
We also examined length variations of the cleft loops between the
three RNAPs. To identify length variations, we used non-parametric
Kruskal–Wallis tests [25] for identifying differences in the number of
residues found in each cleft loop between the three RNAPs. This
procedure tests the likelihood that a group of samples come from the
same population based on rank comparisons of a variable from each
member of the samples. For each cleft loop, we treated the three
RNAPs as different samples and the lengths of these regions in each
species as the variable being measured. We therefore tested whether
each cleft loop was of uniform length in all three eukaryotic RNAPs.
Detecting rate-shift sites and analysis of their spatial distributions
Weused our phylogenetic trees (Supplementary Fig. 3) to examine
amino acid sequences of the two large subunits of the RNAPs for sites
that have undergone shifts in substitution rates along speciﬁc lineages
of the phylogeny. These exist as two different types of sites. Type 1
sites are characterized by having different substitution rates along
different lineages near the leaves of a phylogenetic tree and type 2
sites are characterized by high ancestral substitution rates along the
basal branches of a tree, followed by a decrease and homogenization
of substitution rate towards the leaves [46,47]. Both type 1 [23,24] and
type 2 [33] sites have been used to identify amino acid sites that are
likely responsible for functional divergence between homologous
proteins, with the assumption that changes in substitution rates result
from changes in functional constraints. We examined the three RNAPs
for both type 1 and type 2 sites using the method of Knudsen et al.
[28]. This method takes as input a multiple sequence alignment and a
phylogenetic tree with an a priori deﬁned branch that separates the
two functionally diverged clades in the phylogenetic tree. The nullhypothesis at each site assumes a constant amino acid substitution
rate along the tree; the type 1 site alternate hypothesis assumes a
different rate for each of two subtrees in the phylogeny; the type 2 site
alternate hypothesis allow the extension of a basal branch of one of
the subtrees, representing an increased ancestral rate following
formation of one of the clades deﬁned by the subtrees. The latter
two hypotheses each add one additional parameter to the null
hypothesis. The signiﬁcance of these hypotheses is determined using
likelihood ratio tests. In cases where both alternative hypotheses
explain the evolution of a site signiﬁcantly better than the null
hypothesis, the hypothesis with the largest likelihood ratio is used to
explain the evolution of that site. For each of the two largest subunits
of the RNAPs, we performed three comparisons: RNAPI compared to
RNAPII and RNAPIII, RNAPII compared to RNAPI and RNAPIII, and
RNAPIII compared to RNAPI and RNAPII. These three comparisons
were required since only 2 clades can be compared at a time.
The branch-site codon method of Zhang et al. [29] was used to
detect sites evolving by relaxed purifying selection or positive
selection along ancestral lineages of the RNAPs. This method
distinguishes between two types of branches, the foreground and
background branches, both of which have to be deﬁned a priori. They
differ only in that sites in the foreground branches are able to have an
ω parameter greater than one. Thus, foreground branches are capable
of having non-synonymous substitution rates that are higher than the
synonymous substitution rates. We used the protein phylogenies of
the two largest RNAP subunits for the branch-site method, ﬁxing only
the topology for the analyses, and assigned each ancestral branch
leading from the central trifurcating node to each of the three RNAP
clades as foreground branches (Supplementary Fig. 3). We applied
both branch site test 1 and test 2 of Zhang et al. [29] which test for
relaxed purifying and positive selection of sites along the foreground
branches, respectively. These tests have the same alternate hypoth-
esis, which assumes a ωN1 at certain sites along the foreground
branches, but differ in their null hypotheses. The null hypothesis of
test 1 assumes two site classes, ω=1, and 0bωb1; the null
hypothesis of test 2 is the same as that of test 1, but with one
additional site class that allows foreground branches with ω=1 and
background branches with 0bωb1.
We assessed the spatial locations of all rate-shift sites using
simulations to test for the probability that these sites are randomly
distributed throughout the structures of the two largest subunits of
the RNAPs. For the site predictions of both the Knudsen et al. [28] and
the Zhang et al. [29] methods, we simulated the distribution of sites
that would result if rate-shift sites were randomly distributed
throughout the two largest subunits of the RNAPs. For each test, we
counted the number of these rate-shift sites that were identiﬁed in
each subunit and performed 1000 simulations of this number of
randomly placed sites in these two subunits of the structure (pdb code
1R9T). We grouped the results of both subunits for a given test
because these subunits are tightly associated and cooperate to
perform the functions of the RNAPs. In each simulation, we calculated
the sum of the nearest neighbor distances for each site and used these
as our test statistic for the null distribution. We then calculated the
sum of nearest neighbor distances for each set of predicted rate-shift
sites and compared these to the corresponding null distributions at
the 0.05 signiﬁcance level. In total, 7 of these cluster tests were
performed: one type 1 and type 2 test for each of the three RNAPs
using the amino acids identiﬁed by the Knudsen et al. [28] method,
and one test using the amino acids identiﬁed by the method of Zhang
et al. [29].
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